Abstract. The impact of heart failure (HF) on sinoatrial node (SAN) channel regulation and electropharmacological responses has remained elusive. The present study aimed to investigate the effects of HF on the electrical activity of SANs with and without pharmacological interventions. Action potentials (APs) were recorded in isolated SANs from normal rabbits (control) and those with HF (rapid ventricular pacing for 4 weeks) prior to and after administration of a funny current blocker (ivabradine; 0.1, 0.3, 3 or 10 µM), a calmodulin kinase II inhibitor (KN-93; 0.3 or 3 µM), a sarcoplasmic reticulum Ca 2+ release inhibitor (ryanodine; 0.3 or 3 µM), a sodium current inhibitor (tetrodotoxin; 1, 3 or 10 µM) and a late sodium current inhibitor (ranolazine; 10 µM). Western blot analysis was used to investigate the protein expression in SANs from normal rabbits and those with HF. Control SANs had a higher beating rate than SANs from rabbits with HF (2.3±0.1 vs. 1.5±0.1 Hz; P<0.001). Similarly, ivabradine (10 µM), KN-93 (3 µM), ranolazine (10 µM) and ryanodine (3 µM) decreased the beating rates of SANs in the control (n=6) and HF (n=6) groups. Ivabradine treatment resulted in a higher incidence of AP block in HF vs. control SANs (66.7 vs. 0%; P<0.05). Tetrodotoxin (1, 3 or 10 µM) decreased the beating rate to a higher extent in SANs from rabbits with HF than in those from control rabbits and induced a higher incidence of AP block (66.7 vs. 0%; P<0.05). Furthermore, SANs from rabbits with HF had higher protein levels of phospholamban (PLB) and lower levels of hyperpolarization-activated cyclic nucleotide-gated potassium channel 4, ryanodine receptor and phosphorylated PLB than control SANs. In conclusion, HF modulates electropharmacological responses in the SAN by channel regulation, which may result in SAN dysfunction.
Introduction
Heart failure (HF) is a major cardiovascular disease whose incidence is increasing and which remains a leading cause of mortality worldwide. Patients with HF have significant sinoatrial node (SAN) remodeling characterized by anatomic and structural changes with a reduction in functional sinus node reserve (1) . HF causes extensive remodeling of ionic and gap junction channels in the SAN (2) , which is associated with SAN dysfunction, leading to bradycardia and mortality (3) (4) (5) . HF doubles the SAN recovery time and suppresses hyperpolarization-activated cyclic nucleotide-gated potassium channel (HCN) expression of the SAN at the mRNA and protein level (6) . Modulation of HCN subunit expression may be an important contributor to SAN dysfunction and atrial dysrhythmias in HF. Moreover, several novel ionic channel blockers have been applied for the treatment of HF. Ivabradine, a specific inhibitor of the pacemaker current (I f ) in the SAN, was shown to significantly reduce major risks associated with HF when added to guideline-based treatment (7) . However, it has remained elusive whether HF changes the pharmacological responses in the SAN.
SAN dysfunction in HF is associated with suppression of rhythmic spontaneous sarcoplasmic reticulum Ca 2+ release
Heart failure modulates electropharmacological characteristics of sinoatrial nodes (Ca 2+ clock), resulting in unresponsiveness of the SAN to isoprotenrenal and caffeine (8) . Oxidized calmodulin kinase II (ox-CaMKII) was shown to be a biomarker for SAN dysfunction in humans and dogs, which triggered SAN cell apoptosis (9) . A CaMKII inhibitor was shown to improve cardiac function and suppress arrhythmias (10) . Stabilization of the ryanodine receptor (RyR) decreases intracellular Ca 2+ leakage and improves diastolic and systolic function, and is a potential treatment strategy for HF (11) (12) (13) . However, the effects of CaMKII inhibitors on the SAN in the presence or absence of HF have remained elusive.
The center of the node contains few or no Na + channels; furthermore, block of the Na + channel decreases the beating rate of the SAN by approximately one-third and prolongs its conduction time. A simulation study showed that mutations of the SCN5A gene led to SAN dysfunction (14) . Loss-of-function Na + -channel mutations were reported to impair the SAN pacemaker and conduction functions through a combination of augmented tail and reduced peak Na + currents (I Na ) (15) . A reduced I Na and increased late I Na (I Na-Late ) were found in ventricular cardiomyocytes from dogs with pacing-induced HF, which may cause prolongation of action potentials (APs) and the genesis of arrhythmias (16) . Ranolazine, an inhibitor of the I Na-Late , is a potent anti-ischemic and anti-anginal agent, which exerts beneficial effects in patients with HF in clinical practice (17, 18) . This drug is a promising pharmacological agent for treating HF. However, certain adverse events associated with sinus bradycardia are of concern due to the poor understanding of the pharmacological effects of these novel ionic channel blockers on the electrophysiology of SANs from patients with HF. The aim of the present study was therefore to investigate whether HF modulates the electropharmacological responses of SANs by channel regulation.
Materials and methods
Animal model of HF. The present study conformed to guidelines of the US National Institutes of Health and the European Commission. The study protocol was reviewed and approved by the Institutional Animal Care and Use Committee of Taipei Veterans General Hospital (Taipei, Taiwan). Male New Zealand white rabbits (n=12; weight, 2-3 kg; age, 6-8 months) were used in the present study. Rabbits had ad libitum access to food and water, were maintained in a temperature and humidity-controlled environment (20-22˚C; 50-70% humidity) with a 12-h light/dark cycle, and were raised in stainless steel cages. In the experimental group of rabbits (n=6), HF was induced by rapid ventricular pacing (360-400 bpm) for 4 weeks through programmable right ventricular pacemakers (Sigma SS303; Medtronic, Minneapolis, MN, USA), implanted as described previously (19, 20) , while animals in the control group (n=6) were left untreated. At the end of the 4 weeks of ventricular tachypacing, HF was confirmed by clinical signs (ascites, edema, drowsiness and dyspnea). The left ventricular ejection fraction (LVEF) was measured in the parasternal long-axis view. In the HF rabbits, the LVEF was decreased from 77.8±2.3 to 39.2±2.5% (P<0.001, baseline vs. HF). The echocardiographic data of the normal (control) and HF rabbits are provided in Table I . After rabbits were anesthetized by an intraperitoneal injection of sodium pentobarbital (100 mg/kg; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) a midline thoracotomy was performed, and the heart and lungs were removed. The right atrium (RA) preparation, including the SAN and crista terminalis, was isolated and immersed in normal Tyrode's solution consisting of 137 mM NaCl, 4 mM KCl, 15 mM NaHCO 3 , 0.5 mM NaH 2 PO 4 , 0.5 mM MgCl 2 , 2.7 mM CaCl 2 and 11 mM dextrose. The SAN was identified as a whitish endocardial region near the junction of the RA-free wall and atrial appendage near the crista terminalis (21) . release inhibitor (ryanodine, 0.3 or 3 µM), sodium current inhibitor [tetrodotoxin (TTX), 1, 3 or 10 µM in 0.01% acetic acid) and late sodium current inhibitor (ranolazine, 10 µM). Details of this method were described in previous studies by our group (22, 23) . One end of the preparation was pinned to the bottom of a tissue bath, while the other end was connected to a Grass FT03C force transducer (Natus Medical, Inc., Pleasanton, CA, USA) with silk thread. The endocardium of the preparations faced upwards. The tissue was superfused at a constant rate (3 ml/min) with Tyrode's solution saturated with a 97% O 2 -3% CO 2 gas mixture. The temperature was maintained at 37˚C and the preparations were allowed to equilibrate for 1 h prior to the electrophysiological study. Transmembrane APs were recorded by glass capillary microelectrodes filled with 3M KCl that were connected to a FD223 electrometer (World Precision Instruments, LLC, Sarasota, FL, USA). Electrical and mechanical events were simultaneously displayed on a Gould 4072 oscilloscope and a Gould TA11 recorder (Gould Instrument Systems, Inc., Cleveland, OH, USA). The signal was recorded with DC coupling and a 10-kHz low-pass filter cutoff frequency using a data-acquisition system. The amplitude of the AP (APA), the maximum diastolic potential (MDP) and the diastolic depolarization rate (DDR, measured over a 50-msec time interval starting at the MDP) were measured only during the steady-state AP achieved without interference by spontaneous activity. AP parameters from 10 consecutive action potentials were averaged. AP block was defined as an AP with incomplete morphology and a lower amplitude compared that at baseline during the steady-state recording (24) .
Western blot analysis. For western blot analysis, SAN tissues were isolated from control and HF groups with confirmation by morphology of the AP using conventional glass electrodes. Samples were suspended in lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulfate (SDS), 20 mM NaF, 2 mM Na 3 VO 4 and protease inhibitor cocktail (Sigma; Merck Millipore). A Bradford assay was used to determine the protein concentration in homogenates and 40 µg of the total protein were loaded for each sample. Proteins were separated by 5% (RyR), 15% [total and phosphorylated phospholamban (PLB)] or 8% [HCN4, CaMKII, sarcoplasmic reticulum Ca 2+ -ATPase (SERCA2a), and Nav1.5] SDS-polyacrylamide gel electrophoresis under reducing conditions and electrophoretically transferred into an equilibrated polyvinylidene difluoride membrane (Amersham Biosciences, GE Healthcare, Chalfont, UK). Blots were probed with primary antibodies against HCN4 (AB5808; 1:500; Millipore, Billerica, MA, USA), CaMKII (ab54927; 1:500; Abcam, Cambridge, UK), SERCA2a (sc-8095; 1:2,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), phospholamban (PLB; MA3-922; 1:2,000; Thermo Fisher Scientific, Inc.), PLB-T17 (A010-13; 1:5,000; Badrilla, Leeds, UK), RyR (MA3-916; 1:1,000; Thermo Fisher Scientific, Inc.), Nav1.5 (AB5493; 1:1,000; Millipore), and one of the following secondary antibodies conjugated to horseradish peroxidase for 1 H at room temperature: Goat anti-Rabbit (AP132P; 1:20,000, Millipore), donkey anti-sheep/goat (AB324P; 1:8,000; Millipore), or goat anti-Mouse (AP124P; 1:8,000; Millipore). Bound antibodies were detected with a Luminata Forte Western HRP substrate (WBLUF0500; Millipore) and analyzed with Image-Pro Plus software (version 6.0; Media Cybernetics, Rockville, MD, USA). Targeted bands were normalized to cardiac α-sarcomeric actin (A2172; 1:2,000; Sigma; Merck Millipore) to confirm equal protein loading.
Statistical analysis. All continuous variables are expressed as the mean ± standard error of the mean. A one-way repeated-measures analysis of variance followed by a Bonferroni analysis was used to compare differences prior to and after drug administration in control and HF SANs. The extent of reduction of the SAN after drug infusion and the protein expression of ionic currents between the control and HF groups were compared by a Wilcoxon rank-sum test or unpaired t-test depending on the outcome of the normality test. A Chi-squared test with Fisher's exact test was used to compare the incidence of SAN AP block between the control and HF groups. Statistical analyses were performed using SigmaStat software (version 3.5; Systat Software, Inc., San Jose, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

HF affects electropharmacological responses of SANs.
The effects of Ivabradine on SANs are shown in Fig. 1A-D . SANs from the control group had a higher beating rate than those in the HF group (2.3±0.1 vs. 1.5±0.1 Hz; P<0.001). Ivabradine at 3 and 10 µM decreased the beating rates of SANs in the control group (Fig. 1A and B) , but only decreased those in the HF group at 10 µM ( Fig. 1C and D) . At 10 µM, ivabradine decreased the beating rate in the control and HF groups to a similar extent (26±5 vs. 29±10%; P>0.05). Ivabradine did not affect the APA or MDP in control or HF SANs (Fig. 1B) . Higher doses of ivabradine (3 and 10 µM) decreased the DDR in the control and HF SANs (Fig. 1D) . Ivabradine at 0.1-10 µM produced intermittent irregular rhythms with AP block in 4 out of 6 HF SANs (67%), but not in control SANs (Fig. 1E) .
KN-93 at 3 µM decreased the beating rates of control and HF SANs compared with baseline ( Fig. 2A-D) . KN-93 (at 3 µM) decreased the beating rate in control and HF SANs by a similar extent (12±1 vs. 20±12%; P>0.05). KN-93 did not change the APA, MDP or DDR and did not produce any AP block (results not shown) in either control or HF SANs.
As shown in Fig. 3A -D, ryanodine (3 µM) decreased the control and HF SAN beating rates by a similar extent (24±2 vs. 32±13% at 3 µM, P>0.05). Ryanodine at 0.3 and 3 µM did not change the APA or MDP or produce an AP block (results not shown) in control or HF SANs. Higher-dose ryanodine (3 µM) decreased the DDR in control and HF SANs.
As shown in Fig. 3E -H, ranolazine at 10 µM decreased the beating rates of control and HF SANs by a similar extent (8±1 vs. 16±4%; P>0.05). Ranolazine did not significantly change the APA, MDP or DDR, and did not produce any AP block in either control or HF SANs.
TTX decreased the beating rate of SANs in the control (at 3 and 10 µM) and HF (at 1, 3 and 10 µM) groups (Fig. 4A-D) . Furthermore, TTX reduced the APA in HF SANs, but not in control SANs. High-dose TTX (10 µM) significantly decreased the DDR in control SANs, but not in HF SANs. In addition, TTX produced AP block in four preparations (three treated at 1 µM and one treated at 3 µM) out of six samples of HF SANs, but not in control SANs (Fig. 4E) .
Protein expression of ionic currents in SANs.
SANs from the HF group had lower protein levels of HCN4, RyR, PLB-17 and Nav1.5 than control SANs (Fig. 5) . However, SANs from the HF group had a lower ratio of PLB-17 to PLB. HF and control SANs had similar protein expression of CaMKII and SERCA.
Discussion
Hyperpolarization-activated, cyclic nucleotide-gated cation channels (HCNs) are responsible for the pacemaker current (I f ) in SAN cells, and remodeling of the I f can lead to SAN dysfunction (6, 25) . In an animal study, HF downregulated the expression of the HCN subunit of SANs, which may be responsible for SAN dysfunction (6) . HCN overexpression enhances I f -based pacemaking, which may improve SAN function. In agreement with previous studies, the present study also demonstrated that SANs of rabbits with HF had a lower protein expression of HCN4 compared to SANs of control rabbits. In a clinical study, ivabradine (an inhibitor of the I f ) significantly reduced major risks associated with HF, which was associated with a decrease in the heart rate (7). However, symptomatic and asymptomatic bradycardia was more frequent (10%) in the ivabradine group than in patients taking a placebo. A recentstudy showed that ivabradine completely eliminated inappropriate sinus tachycardia in ~50% of patients (26) . These findings suggested that ivabradine has the potential to treat HF and inappropriate sinus tachycardia. The present study demonstrated that control and HF SANs had different sensitivities to ivabradine. Furthermore, ivabradine produced AP block in HF SANs, but not in control SANs. These findings suggested that administration of ivabradine may possibly cause SAN block in the failing heart. Yanni et al (2) reported that the expression of ryanodine receptor 2 and ryanodine receptor 3, types 1-3 inositol 1,4,5-trisphosphate (IP3) receptors, calsequestrin 2 (SR Ca 2+ -binding protein) and plasma membrane Ca 2+ -ATPase 1 significantly increased in the SAN but not in atrial tissue during HF. Therefore, dysregulated calcium handling may be the cause of SAN dysfunction in HF models. In the present study, HF and control SANs had similar protein expression levels of CaMKII and SERCA; however, HF SANs had a lower protein expression of RyR. Furthermore, ratio of phosphorylated PBL to PBL was decreased in HF compared with control SANs, which may inhibit the reuptake of intracellular calcium by SERCA and further alter the regulation of the Ca 2+ clock. The present study also showed that a high dose of ryanodine (3 µM) reduced the beating rate of normal and HF SANs. The lower protein expression of RyR in HF SANs may cause RyR dysfunction.
SCN5A mutations lead to reductions in I Na , which may decrease the pacemaker rate and reduce the conduction velocity of SAN APs, resulting in AP block characterized as sick sinus syndrome (14) . In line with this, the present study found that HF SANs had a lower protein expression of Nav1.5, which is an I Na -associated protein, compared with normal SANs. The effects of TTX on reducing the beating rate and APA were more prominent in HF SANs. TTX caused AP block in HF SANs, but not in normal SANs, suggesting a causative association between impaired I Na and SAN dysfunction in this HF model.
In a pacing-induced HF model, decreased peak I Na and increased I Na-Late caused a prolongation of APs and genesis of arrhythmia. Enhanced I Na-Late leads to intracellular Na + loading, which elevates intracellular Ca 2+ through the Na + /Ca 2+ exchanger, inducing a Ca 2+ -dependent transient inward current and triggering activity (16, 20, 27) . However, to the best of our knowledge, the impact of the I Na-Late on SANs has not yet been studied. In the clinic, ranolazine is used to attenuate the Na-dependent Ca overload through inhibiting the I Na-Late and promoting diastolic tension and oxygen handling during myocardial ischemia, which can act as an anti-anginal agent (17) . Ranolazine was reported to have anti-arrhythmic effects in studies on ischemia and HF (28, 29) . However, the electropharmacological effects of ranolazine on SANs from patients with HF have remained elusive. The present study demonstrated that ranolazine inhibits SANs from HF and control rabbits, suggesting that the I Na-Late may have a role in the electrophysiology of SANs.
HF contributes to electrical remodeling in the SAN, leading to SAN dysfunction. For the first time, the present study applied blockers of various ion channels and compared changes of electrophysiological responses between SANs isolated from control and HF rabbits. The results suggested that HF can modulate the spontaneous activity of the SAN as well as its response to various pharmacological interventions. These findings provide novel insight into the mechanisms of HF-induced SAN dysfunction, which may aid in the prevention of sick sinus syndrome during the process of HF, and warrants further study.
Of note, the present study had certain limitations. The rapid and slow delayed rectifier potassium current (I Kr and I Ks ) has a prominent role in the SAN. I Kr is the major factor determining the maximum diastolic potential and ensures the firing of the subsequent AP in the SAN (30) . In the SAN of HF rabbits, I f and I Ks were reduced by 40 and 20%, respectively (31) . I Ks has a minimal effect on pacemaker activity and the HF-induced reduction of the heart rate is mainly induced by remodeling of the I f . While the present study did not investigate the effects of HF on the I Kr and I Ks of SANs, ranolazine has I Kr -inhibiting capacity (IC 50 =12 µM) (17) . The dose of ranolazine (10 µM) used in the present study may have inhibited I Na-Late as well as I Kr . Moreover, the present study used KN93 to block CaMKII, which also possesses L-type calcium current blocking activity (32). Yaniv et al (33) studied the CaMKII activity in rabbit SANs and demonstrated that KN-92 (a blocker of L-type calcium current, but not CaMKII) has no effect on the electrical activity of SANs. Therefore, the effects of KN-93 on the electrical activities of SAN found in the present study are likely to be caused by CaMKII inhibition. Furthermore, in the HF group properties of diseased tissue may have caused relatively large standard error in the values of AP parameters, which may have led to no significance being observed in comparison with the control group.
In conclusion, HF modulates the electropharmacological responses of the SAN by channel regulation, which may result in SAN dysfunction associated with HF. Furthermore, altered pharmacological responses in SANs from rabbits with HF suggest that anti-arrhythmic drugs pose a pro-arrhythmic risk in HF and as such, should be used with caution. 
